We evaluate the prospects for measuring BR(h → γγ) for a StandardModel-like Higgs boson at the Next Linear e + e − Collider in the Zh production mode. We show that a rough measurement, with accuracy of ∼ ±20%, is possible in about four L = 50 fb −1 years if 90 GeV < ∼ m h < ∼ 130 GeV, but only if the electromagnetic calorimeter has very excellent γγ invariant mass resolution. The value of even such a rough determination of BR(h → γγ) in discriminating between the Standard Model and models with new physics is emphasized.
Introduction
One of the most important tasks of a Next Linear e + e − Collider (NLC) will be to detect and study Higgs boson(s). For any observed Higgs boson, extraction of its fundamental couplings and total width in a model-independent manner will be a primary goal. As we shall describe, BR(h → γγ) is a crucial ingredient in this process in the case of a light Higgs boson with couplings similar to those of the Standard Model (SM) Higgs, h SM , and therefore a total width that is too small to be directly observed. At the NLC, measurement of h SM branching ratios is most straightforward in the Zh SM production mode, but measurement of BR(h SM → γγ) will be challenging because of its small size (at best of order a few times 10 −3 [1, 2] ).
In many models, deviations of the couplings and total width of the lightest Higgs boson from expectations for the h SM can be small. Thus, it will be important to estimate the error in the measurement of BR(h → γγ) when the h is SM-like and how this error propagates into errors in the determination of the couplings and total width. We shall see that it is very likely to be the dominant source of uncertainty. Dramatic deviations of BR(h → γγ) from SM expectations are also a possibility, even if the h is very SM-like in its couplings to the SM particles. In particular, large effects can be caused by new particles (fourth generation, supersymmetric, etc.) in the one-loop graphs responsible for the h → γγ coupling. Whether the deviations are large or small, the ability of the NLC to measure the h → γγ branching ratio could prove to be quite critical.
To illustrate the difficulties and ambiguities that can be encountered without knowledge of BR(h → γγ), let us suppose that the observed Higgs boson is the h 0 of a supersymmetric model. In grand unified (GUT) scenarios, this h 0 is light (m h 0 < ∼ 130 GeV in the minimal supersymmetric model, MSSM) and decays primarily to bb. As reviewed in Ref. [2] , at the NLC it will be possible to measure σ(Zh 0 ) and σ(Zh 0 )BR(h 0 → bb) with reasonable precision, ∼ ±7% and ∼ ±3% respectively, 1 leading to a ∼ ±8% to ∼ ±10% determination of BR(h 0 → bb). But, deviations in all these quantities relative to expectations for the SM h SM could be small even though the bb coupling of the h 0 is substantially enhanced. This could happen as follows. For modest values of the parameter m A 0 (m A 0 being the mass of the CPodd Higgs boson) and tan β > 1 (tan β being the ratio of the vacuum expectation values of the two Higgs doublets) the MSSM predicts that the h 0 → bb coupling is enhanced. For example, if m A 0 ∼ 300 GeV and tan β = 3 and the other MSSM parameters are chosen such that m h 0 = 110 GeV, Γ(h 0 → bb) is 50% larger than predicted for the h SM [2] . Nonetheless, BR(h 0 → bb) is only slightly larger than expected due to the fact that the numerator, Γ(h 0 → bb), and denominator, Γ tot h 0 , are both increased by similar amounts. Extra (supersymmetric particle) decay modes could even enhance Γ tot h 0 further, and BR(h 0 → bb) could be smaller than the SM prediction despite the fact that Γ(h 0 → bb) is enhanced. To extract the bb coupling, or equivalently Γ(h → bb) = Γ tot h BR(h → bb), we require a determination of Γ tot h . If bb is the dominant Higgs decay (as for m h < ∼ 140 GeV in the SM), Γ tot h is too small for direct measurement via mass peak reconstruction using the recoil mass technique in the Zh mode. The only technique for extracting Γ tot h using NLC data alone requires measuring BR(h → γγ). The procedure employing the Zh production mode is the following.
• Compute (accuracy ±8% to ±10%, as noted above)
• Measure at the associated γγ collider facility the rate for γγ → h → bb (accuracy ±5%) proportional to Γ(h → γγ)BR(h → bb) and compute (accuracy ±11% to ±13%)
• Measure Z ⋆ → Zh followed by h → γγ, i.e. σ(Zh)BR(h → γγ), and compute
• Finally, compute
Our goal is to determine the accuracy associated with measuring σ(Zh)BR(h → γγ), needed in Eq. (3). For a SM-like Higgs boson with m h < ∼ 130 GeV, BR(h → γγ) can also be extracted from LHC data with a statistical accuracy that was crudely estimated at > ∼ ±15% in [2] , assuming that ATLAS and CMS combined accumulate a total luminosity of L = 600 fb −1 (corresponding to ≥ 3 years of running at high instantaneous luminosity). A more complete analysis including experimental efficiencies was recently performed [3] , and indicates that a more realistic error for L = 600 fb −1 is ∼ ±22%. If the accuracy of a measurement at the NLC is comparable to or better than the LHC accuracy, then correspondingly greater precision in extracting the total Higgs width and the Higgs couplings will be possible.
Signal and Background in the Standard Model
We consider SM Higgs masses in the range 50 − 150 GeV. The h SM → γγ branching ratios for masses in this range are tabulated in Table 1 . We presume that the only background (B) to the e + e − → Zh SM → Zγγ signal (S) is the irreducible one, e + e − → Zγγ, for which we employ an exact matrix element.
2 All decay modes of the Z can be included without introducing additional background by requiring that the mass reconstructed from the γ 1,2 four-momenta and incoming energy be within, say, ±5 GeV of m Z . We compute the e + e − → Zh SM → Zγγ signal rate for a small detector-resolution-dependent (see later discussion) interval of M γγ centered on m h SM , 3 with width chosen so as to maximize S/ √ B. 4 We have extensively investigated additional one-dimensional and two-dimensional kinematic cuts in order to find those that maximize S/ √ B. The best cuts we found are the following: p
where p cut, peaks in the background can still be seen when plotted as a function of one or two kinematical variables. However, we have found that it is not efficient to cut out these peak regions since there is loss of signal as well, and B declines less than twice as fast as S (implying that S/ √ B decreases).
5
In order to optimize S/ √ B for the Zh SM → Zγγ signal, both the energy, √ s, at which to run the collider and p min T must be adjusted as a function of m h SM . For fixed p min T , the background (which is largely radiative in nature and thus does not behave in the point-like 1/s fashion) decreases slowly as √ s decreases. In contrast, the signal (which is proportional to the product of a threshold factor times the point-like 1/s behavior arising from the Z propagator) tends to increase rapidly as √ s is decreased until reaching a maximum somewhat above threshold. We find that it is best to choose √ s to lie near this maximum. The rough optimal values, √ s opt , are tabulated in Table 1 as a function of m h SM . For each m h SM and its corresponding √ s opt we then performed a rough scan for the p min T that maximizes S/ √ B; these too are tabulated in Table 1 . We believe that any improvements in S/ √ B that could be achieved by a more detailed search or further refinements in the cuts will be small. Four different choices for electromagnetic calorimeter resolution are considered:
I) resolution like that of the CMS lead tungstate crystal [4] , with ∆E/E = 2%/ √ E ⊕ 0.5% ⊕ 0.2%/E;
5 One cut that comes close to being useful is a two-dimensional cut designed to remove the two regions (at m hSM = 120 GeV, for example) of y γ1 ∼ −1, 0 < y γ2 < ∼ 0.5 and y γ1 ∼ +1, −0.5 < ∼ y γ2 < 0. II) resolution of ∆E/E = 5%/ √ E ⊕ 0.5%; III) resolution of ∆E/E = 10%/ √ E ⊕ 1%, an 'optimistic' limit for the 1/ √ E term in current preliminary design prototypes for the NLC and JLC detectors [5, 7] ; and IV) resolution of ∆E/E = 12%/ √ E ⊕ 0.5%, an 'optimistic' possibility for the constant term in current preliminary design prototypes for the NLC and JLC detectors.
With regard to III and IV, we note that the NLC Physics summary report cited in Ref. [5] lists resolution of ∆E/E = 12%/ √ E ⊕ 1%, somewhat worse than either III or IV. The 10%/ √ E in III is that appearing in the simulation package accessed via the NLC WWW homepage [5] ; however, the 0.5% constant term of IV is apparently [6] more easily achieved than a better 1/ √ E term. The resolution for the JLC-I detector design [7] is ∆E/E = 15%/ √ E ⊕ 1%, substantially worse than III or IV. We shall see that resolution at least as good as that of case II will be required for accurate measurement of BR(h SM → γγ) in the Zh SM → Zγγ channel.
For each resolution and each m h SM we have performed a rough scan for the M γγ interval ± 1 2 ∆M γγ about m h SM that maximizes S/ √ B after performing the cuts of Eq. (5). These intervals are given in Table 1 . In general, S/ √ B varies rather slowly as ∆M γγ is varied in the vicinity of the optimal value given. The optimal values for ∆M γγ are only slightly influenced by moderate changes in the cuts. Table 1 shows that as m h SM increases past m h SM ∼ 90 − 100 GeV, where BR(h SM → γγ) rises to its maximum, it becomes advantageous to take a slightly smaller percentage of the total signal. We note that, for the cuts employed, resolutions III and IV give very similar optimal ∆M γγ choices, with a crossover in the vicinity of m h SM = 120 GeV. Consequently, results for these two resolutions will be almost indistinguishable. In Table 2 , we list the values of S and B, corresponding to the maximum S/ √ B, as a function of m h SM for each of the four resolution cases (I, II, III and IV), assuming L = 50 fb −1 ; these S and B rates are computed for the optimal √ s, p min T and ∆M γγ choices given in Table 1 .
In Fig. 1a we plot as a function of m h SM the S/ √ B values corresponding to the L = 50 fb −1 S and B values given in Table 2 . Fig. 1b gives the number of L = 50 fb −1 years, N years , required for S/ √ B = 5. Results for all four calorimeter resolution choices are given. These plots make it clear that a high statistics signal is achieved within a reasonable number of years only if 90 GeV < ∼ m h SM < ∼ 130 GeV and only if the calorimeter has excellent resolution. Resolution choices III and IV, that have been discussed for the NLC detector, would not yield a 5σ signal in less than 5 years for any Higgs mass. Nonetheless, a rough determination of BR(h SM → γγ) in fewer years will still be possible so long as:
• a clear signal for the h SM in the h SM → bb channel has been established;
• m h SM has been determined to an accuracy ∆m h SM ≪ ∆M γγ ; and • the Zγγ background can be very accurately determined using data with M γγ away from m h SM .
Expected errors for BR(h SM → γγ) will be given shortly. If the collider is not run at √ s opt , observation of h SM → γγ becomes significantly more difficult. For example, consider m h SM = 120 GeV and suppose one insists on accumulating L = 50 fb −1 while running at √ s = 500 GeV. Adopting resolution (I), the associated ∆M γγ = 1.44 GeV (see Table 1 Fig. 2 for each of the four calorimeter resolution choices. At best, a ±22% to ±25% measurement is possible after three years of running at √ s opt for the excellent resolution cases (I) and (II) in the 90 < ∼ m h SM < ∼ 130 GeV range. Since the statistical error for σ(Zh SM ) is only of order ±7%, the error in BR(h SM → γγ), as computed via Eq. (3), is dominated by the Zh SM → Zγγ error and would then be of order ±23% to ±26%. Given that the accuracy scales statistically, ∼ ±20% could be achieved in the 90 < ∼ m h SM < ∼ 130 GeV mass range after about 4 years of running. A ∼ ±20% accuracy for BR(h SM → γγ) would be comparable to the earliernoted ∼ ±22% statistical precision expected for m h SM in the range 90 − 130 GeV using LHC data. However, systematic errors in the LHC-based determination could be significant. This is because BR(h SM → γγ) is obtained from LHC data via the following multi-step process: (i) separation of pp → W h SM → ℓγγX events from pp → tth SM → ℓγγX events via jet vetoing; (ii) use of parton distribution function information to extract Γ(h SM → W W )BR(h SM → γγ) from the W h SM → ℓγγX event rate; and, finally, (iii) division by Γ(h SM → W W ) as determined at the NLC (from σ(W W → h SM )BR(h SM → bb) divided by BR(h SM → bb) as measured in Zh SM production).
6 Thus, combining and/or comparing the NLC and LHC extractions of BR(h SM → γγ) could prove to be very useful.
Final Remarks and Conclusions
For a SM-like Higgs boson, h, we have evaluated the prospects for measuring BR(h → γγ) in the e + e − → Z ⋆ → Zh → Zγγ mode at a future NLC. The measurement is difficult. A statistical accuracy of about ±20% is the best that can be hoped for, and this can only be achieved for 90 < ∼ m h < ∼ 130 GeV after about four years of L = 50 fb −1 /year at the machine energy, √ s opt , that maximizes the Zh cross section, and only for calorimeter resolution which far exceeds that currently planned. If the calorimeter resolution is no better than that of resolution cases III and IV (which are on the optimistic end of what is currently being discussed for the NLC detector), four years of running will yield at best (i.e. for m h SM = 120 GeV) an error of ∼ ±26%. The error in BR(h → γγ) will dominate the error in the calculation of Γ tot h = Γ(h → γγ)/BR(h → γγ) (where Γ(h → γγ) is determined using γγ → h collisions) and, then again, the error in extracting the potentially revealing h → bb partial width via Γ(h → bb) = Γ tot h BR(h → bb). Maximizing the accuracy with which BR(h → γγ) can be measured for 90 < ∼ m h < ∼ 130 GeV could prove to be very important given that this is the most likely mass range for the h 0 of the minimal supersymmetric model. If superpartners are heavy, m A 0 is moderate in size (m A 0 < ∼ 300 GeV) and tan β is large, then Γ(h 0 → bb) would be 50% or more larger than predicted for the h SM , a ≥ 2.5σ level of deviation for ±20% error. A less direct probe of the h → bb coupling, such as the more easily measured BR(h → bb), would be subject to ambiguous interpretation.
Even a rough measurement of BR(h → γγ) could be important. For example, if superpartners are light then the corresponding one-loop graphs contributing to the h 0 → γγ coupling could result in a large deviation of the branching ratio from the heavy superpartner prediction. A very dramatic deviation from SM or MSSM expectations would arise if there is a fourth generation; for either the h SM or h 0 , BR(h → γγ) would be much smaller than anticipated due to increased cancellation between the W -loop and the sum of all the fermion loops.
LHC data for W h production followed by h → γγ can be combined with the predicted magnitude for σ(W h) (as obtained by using parton distributions and NLC information on the W W h coupling) to extract an independent value for BR(h → γγ). For a SM Higgs in the 90 − 130 GeV range, the statistical accuracy resulting from this procedure could be as small as ∼ ±22%, although systematic error might be significant. By combining this determination with one of similar accuracy obtained directly at the NLC, accuracy of ∼ ±15% for BR(h → γγ) would be possible.
Thus, despite the apparent difficulty of measuring BR(h → γγ) with ∼ ±20% accuracy at the NLC, the importance of this branching ratio is such that serious consideration should be given to upgrading the current plans for the NLC detector to incorporate an electromagnetic calorimeter with the very excellent resolution that would allow such accuracy.
Finally, we note that if machine and/or physics considerations do not allow substantial luminosity to be accumulated at √ s opt after a light Higgs boson has been discovered, then one can also consider measuring BR(h → γγ) with the h produced via the W W -fusion production mechanism. At √ s = 500 GeV, the W W → h rate is larger than the Z ⋆ → Zh rate for m h < ∼ 130 GeV, and it may be possible to achieve an accuracy for the measurement that is comparable to that for the Zh production mode. This is currently under study.
